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ABSTRACT 

A 100-kilowatt coal-burning f u e l - c e l l  process d velopment p l a n t  h a ,  
been conceived t o  provide t echn ica l  and economic information f o r  the design of a 
u t i l i t y  coal-burning fue l - ce l l  power p l a n t ,  t o  tes t  f u e l - c e l l  b a t t e r y  performance 
and l i f e  under a c t u a l  opera t ing  condi t ions ,  and t o  provide opera t ing  experience. 
The 100-kilowatt p l an t  d e t a i l  design incorpora tes  an e f f i c i e n t  combination of 
fue l - ce l l  b a t t e r i e s  and f lu id i zed  coa l  bed i n t o  a unique, f l e x i b l e ,  modular, fue l -  
c e l l  r eac to r  un i t .  
generated during fue l - ce l l  opera t ion  t o  the  endothermic g a s i f i c a t i o n  of coal by 
i n s e r t i n g  fue l - ce l l  b a t t e r y  bundles i n t o  f i v e  inch  diameter p ipes  loca t ed  hori-  
zonta l ly  i n  a rec tangular  f lu id i zed  bed of coa l .  The fue l - ce l l  b a t t e r y  bundles 
conta in  up t o  40 fue l - ce l l  b a t t e r i e s ,  112 inch i n  diameter and approximately 30 
inches long. Experimental and t h e o r e t i c a l  s t u d i e s  v e r i f y  unique elements of t h e  % 

design. 

The r eac to r  design achieves e f f i c i e n t  t r a n s f e r  of hea t  

The work recorded i n  t h i s  paper has been c a r r i e d  out under t h e  
sponsorship of t h e  Off ice  of Coal Research, U. S. Department of t h e  I n t e r i o r .  
N. P. Cochran and P. Towson have served as con t r ac t  monitors. The I n s t i t u t e  of 
Gas Technology, D r .  B. S. Lee and Harlan Feldkirchner,  and Cameron Engineers, 
D. Lockwood, were subcontracted t o  prepare  t h e  d e t a i l  design f o r  t h e  p l an t .  
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INTRODUCTION 

Westinghouse, under cont rac t  t o  t h e  Off ice  of Coal Research, i s  
developing so l id -e l ec t ro ly t e  fue l - ce l l s  which have the  capab i l i t y  of producing 
e l e c t r i c a l  energy from c o a l  a t  high e f f i c i ency  i n  l a r g e  s c a l e  power p l an t s .  
type of l a r g e  s c a l e ,  f u e l - c e l l ,  power s y s t e m  envisioned comprises fue l - ce l l  
b a t t e r y  tubes ,  each conta in ing  many ind iv idua l  cells  connected i n  series; a 
process f o r  producing carbon monoxide and hydrogen f u e l  gases from coa l ;  a means 
f o r  cleaning and c i r c u l a t i n g  t h e  f u e l  gases;  and a means f o r  t r a n s f e r r i n g  the 
hea t  produced by the  f u e l  cells t o  t h e  endothermic coa l  g a s i f i c a t i o n  reac t ions  
between carbon and CO2 and H20. The hea t  produced i n  fue l - ce l l  opera t ion  is  from 
r e s i s t i v e  and po la r i za t ion  lo s ses  and the  hea t  re leased  i n  oxidation of the  f u e l  
gases.  The design and opera t ion  of so l id -e l ec t ro ly t e  fue l - ce l l s  f o r  app l i ca t ion  , 

i n  power p lan ts  are r epor t ed  e l sewhere( l ,2 ) .  

The 

A coal-burning s o l i  d-elect  roly t e f ue l - ce l l  power s y  s tem incorporating 
these  components is shown i n  Figure 1. Coal i s  fed t o  a f l u i d i z e d  bed coa l  
r eac to r  along with a p o r t i o n  of the hot C02 and H20 combustion products from the  
fue l - ce l l  b a t t e r i e s .  The c o a l  r eac t s  with those combustion products t o  form CO 
and H 2  f u e l  gases,  which a r e  recycled to  t h e  fue l - ce l l  bat ter ies  a f t e r  removal of 
p a r t i c u l a t e  ma te r i a l  and s u l f u r  compounds. The f u e l  2as from the  gas cleaning 
process i s  s p l i t  i n t o  two streams - one going t o  a bank of fue l - ce l l s  where 
p a r t i a l  oxidation occurs and t h e  o ther  going t o  a bank where e s s e n t i a l l y  complete 
combustion occurs. Gases from the  second c e l l  bank are discharged from the  
system whi le  the p a r t i a l l y  oxidized f u e l  gases are recycled back t o  t h e  coal 
reac tor .  The fue l - ce l l  banks and t h e  coa l  r e a c t o r  are combined i n t o  a s i n g l e  u n i t  
t o  ob ta in  maximum e f f i c i e n c y  from t h e  power p l an t .  The p o t e n t i a l  advantages 
which t h i s  fue l -ce l l  power system o f f e r  a r e :  

- High e f f i c i ency  (ove ra l l  opera t ing  e f f i c i e n c i e s  near 60% are an t i c i -  
pated i n  f u l l  scale power p l a n t s ) ,  

- Minimum a i r  and water po l lu t ion ,  

- Reduced p l a n t  s i z e ,  
I 

- Minimum cool ing  water requirements. 

Westinghouse conceived the  100-kilowatt power p l an t  as a means t o  test 
fue l - ce l l  ba t t e ry  performance and l i f e  under a c t u a l  opera t ing  condi t ions ,  t o  
provide technica l  and economic information f o r - t h e  design of an  economical and 
r e l i a b l e  coal-burning f u e l - c e l l  power p l an t ,  and t o  provide opera t ing  experience. 
The I n s t i t u t e  of Gas Technology reviewed the  concept and Cameron Engineers 
prepared t h e  d e t a i l  design of t h e  100-kilowatt p l an t .  

BASIS - 
The d e s i  n of t h e  100-kilowatt p l an t  i s  based on the  performance of a 

100-watt enera tor  t 5) and r ecen t  da t a  obtained using more economical e l ec t rode  
ma te r i a l s  9 1 ) .  The f u e l - c e l l  banks are designed f o r  fue l - ce l l  b a t t e r y  tubes 1 / 2  
inch i n  diameter and approximately 30 inches long. Approximately 40 fue l - ce l l s  
would be connected i n  series on each b a t t e r y  tube. 
c h a r a c t e r i s t i c s  f o r  the 100-kW plant  a re :  

Projected fue l - ce l l  operating 
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1 )  average po la r i za t ion  vol tage  0.15 v o l t s  

2) 

3) 

average fue l - ce l l  r e s i s t ance  = 0.15 ohms/cell 

cur ren t  dens i ty  - v a r i e s  from 300 m a / c m  
50 ma/cm2 a t  the  end of ce l l  bank 11. 

2 i n  c e l l  bank I t o  

The fue l - ce l l  opera t ing  c h a r a c t e r i s t i c s  w e r e  combined wi th  t h e  
ca lcu la ted  thermodynamic open-circuit  vo l tages  t o  ob ta in  the  fue l - ce l l  performance 
and e f f i c i ency .  
/ c e l l .  

The average power produced per  ce l l  i s  approximately 0.22 w a t t s  

With these  s p e c i f i c a t i o n s ,  c e l l  bank I requi res  approximately 6400 
b a t t e r i e s  and i s  designed t o  opera te  near 80% e f f i c i ency .  
b a t t e r i e s  are requi red  f o r  c e l l  bank I1 opera t ing  near  70% e f f i c i ency .  
i s  designed t o  produce approximately 60-kW of e l e c t r i c a l  power. 

Approximately 7000 
Each bank 

DETAIL DESIGN 

Flow Diagram 

A d e t a i l  design f o r  cons t ruc t ing  a 100-kilowatt coal-burning fue l - ce l l  
process development p l an t  has been completed except f o r  t h e  d e t a i l  design of the  
fue l - ce l l  b a t t e r y  bundle assemblies. 
Figure 2. The ma te r i a l  balance and the  design are based on the  P i t t sbu rgh  No. 8 
char presented i n  Table I. 
r a t e s  are given i n  Table 11. Provis ion  is made t o  record a l l  char weights,  stream 
temperatures,  p re s su res ,  compositions, and flow r a t e s  necessary f o r  material 
ba lances ,  energy balances,  con t ro l ,  and genera l  information on the  performance of 
t h e  p l an t .  

The process flow s h e e t  i s  presented  i n  

Projected opera t ing  temperatures,  p re s su res ,  and flow 

The main r e a c t o r ,  which combines t h e  f u e l - c e l l  b a t t e r i e s  and f lu id i zed  
coa l  bed, i s  the  c r i t i ca l  u n i t  i n  t he  p l an t .  The r e a c t o r  i s  cons t ruc ted  of 
10'1-1/2'' x 5'2" x 15" rec tangular  modules which can be  f ab r i ca t ed  sepa ra t e ly  and 
bo l t ed  together.  Overa l l  dimensions of the r e a c t o r  are shown i n  F igure  3. The 
f lu id i zed  coa l  bed i s  approximately 16 f e e t  deep wi th  a 6 foo t  disengaging sec t ion .  
Each of t h e  1 2  fue l - ce l l  containing modules comprising t h e  bed conta ins  40 pipes 
which are cant i levered  i n t o  t h e  r eac to r  as shown i n  F igure  4. 
pipes house the  f u e l - c e l l  b a t t e r y  bundle assemblies. The f l u i d i z e d  c o a l  bed f o r  
producing f u e l  gas f o r  t he  cel ls  surrounds t h e  ho r i zon ta l  pipes.  
f a c i l i t a t e s  e f f i c i e n t  hea t  t r a n s f e r  from t h e  f u e l - c e l l  b a t t e r i e s  which opera te  
around 1870°F t o  t h e  f l u i d i z e d  coa l  bed which opera tes  around 1750°F. 
levered p ipes  and long crossover p ipes  minimize stresses and provide  f o r  rhermal 
expans ion. 

The ho r i zon ta l  

The arrangement 

The cant i -  

A r ep resen ta t ion  of a fue l - ce l l  bundle assembly i n  one of t h e  ho r i zon ta l  
p ipes  i s  i l l u s t r a t e d  i n  F igures  5 and 6. Fuel gas ,  r i c h  i n  hydrogen and carbon 
monoxide produced i n  t h e  f l u i d i z e d  coa l  bed surrounding t h e  p ipes ,  i s  fed  t o  the  
i n s i d e  of each f u e l - c e l l  ba t t e ry .  Air i s  supplied t o  the  ou t s ide  e l ec t rodes  of 
t h e  fue l - ce l l  b a t t e r i e s .  
a module and allowing the  a i r  t o  pass t o  o the r  p ipes  i n  t h e  module through 1-112 
inch crossover pipes which connect t h e  5 inch  pipes.  This i s  i l l u s t r a t e d  i n  
Figure 4. 
through a hea t  exchanger t o  prehea t  t h e  inlet a i r  as shown i n  t h e  flow diagram. 

This i s  accomplished by feeding a i r  t o  t h e  end pipes i n  

The spent  a i r  i s  exhausted from t h e  o the r  end of t h e  module and passed 
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Composition, 
wt x 

C 70.50 

H 3.55 

0 10.54 

N 1.29 1 

S 3.46 

Ash 10.66 \ 

Stream 

Char Feed 

Y 

Spent Char 

TABLE I 

CHAR FEED AND RESIDUE 

Flow Rate, 
lb/hr, 

69.16 

12.04 C 34.88 

0 7.57 

N 0.57 

S 1.88 

Ash 55.10 

100.00 
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TABLE I1 
PROJECTED PLANT OPERATING CONDITIONS 

Flow Rate 

Stream Ib moles Composition 
Number* Descr ipt ion T,DF p , p s i g  l b l h r  h r  . Mole X 

1-1 Gasi f ie r  Ef f luent  1750 4.0 352.41 14.85 

1-2 Gas i f ie r  Ef f luent  1750 3.0 352.41 14.85 
Recycle CO 68.20 

, 1-3 Gas i f ie r  Recycle Eff luent  923 3.0 352.41 14.85 1;: 
Recycle 

1-4 Gas i f ie r  Ef f luent  800 3.0 352.41 14.85 0.60 

1- 5 Gas i f ie r  Ef f luent  800 3.0 352.41 14.85 

1- 6 Gas i f ie r  Ef f luent  800 3.0 352.41 14.85 

Recycle 100.00 

Recycle 

Recycle 

1- 7 Gas i f ie r  Ef f luent  800 1 .8  351.33 14.85 

1-8 Fuel Gas 800 1 .8  351.33 14.85 
1-9 Fuel Gas 250 0.5 351.33 14.85 
1-9A Fuel Gas 250 25 
1- 10 Fuel G a s  400 20 351.33 14.85 0.60 
1-11 Fuel Gas 250 20 351.33 14.85 100.00 
1- 12 Fuel Gas 2 50 20 236.54 10.00 
1-13 Fuel Gas 2 50 20 114.79 4.85 

Re cycle  

-- -- 

\ 

2-1 Fuel C e l l  Bank I 600 8.5 296.62 10.00 
Eff luent  Recycle CO 41.30 

2-2 Fuel Cell Bank I 1650 8.5 296.62 10.00 CQ2 34.40 
Eff luent  Recycle 

\ 

100.00 

* 
Refer t o  Figure 2 
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TABLE 11 (Cpntinued) 
PROJECTED PLANT OPERATING CONDITIONS 

3-1 A i r  
3-2 Air 
3-lA Air 
3-3 Air 
3-4 Air 
3-5 Air 
3-6 Air 
3-7 Air 

Ambient 0 
70 20 

Ambient 20 
70 20 
70 20 
70 20 

1455 13 
1455 13 

1240 42.6 
1240 42.6 

533.42 18.35 
291.74 10.11 
323.57 11.22 
291.74 10.11 
323.57 11.22 

-- -- 

r > 
102 21.00 ] 
i N2 79.00 - 

100.00 
I , 

1 
\ 

4-1 Spent Air From Bank I1 1870 7.5 256.96 9.13 102 3.00 
4-2 Spent Air From Bank I1 200 2.0 256.96 9.13 (N2 97.00 i 

I 

L 
I 100.00 i 

5-1 Spent Air From Bank I 1870 7.5 231.68 8.24 ‘02 3.00 I 
5-2 Spent Air From Bank I 200 2.0 231.68 8.24 (Nq 97.00 > 

I 100.00 j 
L 2 

6-1 B a n k  I1 Spent Fuel 600 8.5 181.38 4.85 I C 0  1.70 ; 
74.00 

!E20 23.20 
4.85 i -2  0.50 1 6-2 B a n k  I1 Spent Fuel 250 2.0 181.38 

; N2 0.60 
100.00 

J L 

7-1 Startup Gas 

( 
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3 Two 21.5 f t  char feed hoppers are used t o  feed t h e  c o a l  t o  t h e  system. 

The f i rs t  hopper is a s to rage  u n i t  f o r  introducing char i n t o  t h e  system. The I second hopper i s  t h e  feed hopper. 

Char, s i z e d  t o  minus 30 mesh, i s  screw fed  t o  the  cen te r  module. This 
module contains ho r i zon ta l  pipes i n  order  t o  maintain uniform f l u i d i z a t i o n  
throughout t h e  bed and t h e  p ipes  are a l s o  designed t o  serve as a u x i l i a r y  gas 
d i s t r i b u t o r s  f o r  s ta r t -up .  The f u e l  gas  produced i n  the  f l u i d i z e d  bed r eac to r  
passes through an e l e c t r i c a l l y  t raced  l i n e  t o  a cyclone. Dust i s  c o l l e c t e d  f o r  
ana lys i s  and i s  not  re turned  t o  t h e  bed. The gas then  passes through a recyc le  
hea t  exchanger where hea t  is supplied t o  t h e  spent  f u e l  from c e l l  bank I before 
i t  re turns  t o  t h e  reac tor .  The f u e l  gas  is cooled t o  approximately 800°F i n  a 
guard cooler before f i n a l  p a r t i c u l a t e  removal i n  an e l e c t r o s t a t i c  p r e c i p i t a t o r .  
Su l fu r  is removed t o  a con t ro l l ed  l e v e l  by a z inc  oxide absorber.  
a r e  provided t o  permit z i n c  oxide replacement during extended runs.  
are 2 f t  diameter and 6 f t  high and are designed t o  opera te  f o r  approximately 3 
days with a s u l f u r  concent ra t ion  of 8-10 grains/100 SCF. 
concentration i n  t h e  gas leav ing  the  absorbers i s  monitored and the hydrogen 
s u l f i d e  concentration cont ro l led .  This capab i l i t y  i s  provided since trace amounts 
of hydrogen s u l f i d e  may be  requi red  t o  i n h i b i t  carbon depos i t ion  as t h e  gas i s  
reheated through t h e  c r i t i c a l  depos i t ion  range. A 2 f t  diameter by 6 f t  high water 
gas s h i f t  r eac to r  i s  provided t o  increase  t h e  hydrogen content of t h e  gas. Con- 
vers ion  of H20 i n  t he  f u e l  gas t o  H2 is  des i r ab le  s ince  H2 minimizes t h e  polar i -  , 
za t ion  voltage lo s ses  i n  t h e  fue l -ce l l s .  
20 hp compressor before  being s p l i t  i n t o  sepa ra t e  streams and f e d  t o  t h e  two 
f ue l -ce l l  banks. 

Two absorbers 
The u n i t s  

The hydrogen s u l f i d e  

The f u e l  gas i s  compressed through a 

T h e  f u e l  gas is s p l i t  i n t o  two unequal por t ions .  Approximately one-third 
of t he  gas goes t o  c e l l  bank I1 and two-thirds t o  cel l  bank I. 
cel l  bank I1 i s  approximately 97% oxidized and the  r e s u l t i n g  COZ-HzO gas i s  
exhausted from t h e  system. 
( see  Table 11) and is recycled t o  the f lu id i zed  coa l  bed. 
I, t h e  gas i s  preheated through t h e  recyc le  hea t  exchanger and then  introduced 
i n t o  the  r eac to r  through t h e  gas d i s t r i b u t i o n  module. The gas d i s t r i b u t i o n  
module, shown i n  Figure 7 ,  cons i s t s  of a s i n g l e  row of t e n  5 i nch  diameter pipes 
which extend across  t h e  r e a c t o r  with 0.0576 inch ho le s  i n  two p a r a l l e l  rows along 
t h e  bottom of each pipe. - 
discharge screw below t h e  gas d i s t r i b u t o r .  

The f u e l  gas to  

The f u e l  gas  t o  cel l  bank I I s  only p a r t i a l l y  oxidized 
Upon leaving  cel l  bank 

’ 

Spent char i s  removed from the  r eac to r  by a res idue  

In order t o  achieve e a r l y  opera t ion  and t o  f a c i l i t a t e  ga in ing  operating 

When 
experience, t he  system is designed t o  operate without f u e l - c e l l  b a t t e r i e s  by 
i n s t a l l i n g  electric hea te r s  i n  t h e  hor izonta l  pipes i n  p lace  of fue l - ce l l s .  
operating with electric heaters t h e  gas normally sent t o  c e l l  bank I1 is vented. 
The composition of t he  remaining gas can be ad jus ted  by s imula t ing  the  oxida t ion  
process wi th  an oxid izer  o r  by using make-up gas. Thus, the gas can be re turned  
t o  t h e  f lu id i zed  bed coa l  r eac to r  simulating opera t ion  wi th  fue l - ce l l  b a t t e r i e s .  
This procedure enables the system to  b e  checked out before  i n s t a l l i n g  the va luable  
fue l - ce l l  b a t t e r i e s .  

I 

Cost E s t i m a t e  

The cos t  estimate f o r  t he  cons t ruc t ion  of t h e  100-kilowatt p rocess  
development p l a n t ,  excluding f u e l - c e l l  b a t t e r i e s  and the  bundle assemblies,  I s  
$2.0 mil l ion .  A summary of t he  cos t  breakdown is presented  i n  Table II,I. 



Description 

- 104 - 

TABLE 111 

COST ESTIMATE SUMMARY 

Equipment, 

Purchased Equipment 

Fabricated Equipment 

Instruments and Cont ro l  

Panel 

E lec t r i ca l  

S t ruc tu ra l  and Concrete 

Valves 

Pipe and Tubing 

Insu la t ion  and Refrac tory  

Sub-To t a l  

I n d i r e c t  Costs (37.6% of 

equipment, materials and 

labor)  

Sub-To t a l  

Contingency (15%) 

Tota l  Estimated P lan t  Cost 

Mater ia l s ,  
and Labor 

$131,000 

179,000 

297,100 

152,800 

207,800 

93,900 

156,300 

26,300 

Tota l  

$1,244,200 

467,800 

1,712,000 

257,800 

$1,969,800 
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! Design Features 
I 

DISCUSSION 

The 100-kilowatt process development p l an t  i s  designed t o  test and 
1 prove out fue l -ce l l  b a t t e r i e s  and t o  provide t echn ica l  and economic information 

f o r  scale-up. The process development p l a n t  design cannot b e  d i r e c t l y  sca led  t o  
an economic commercial design. Much longer fuel-cell batteries are requi red  f o r  
a power generator se rv ing  as a c e n t r a l  s t a t i o n  p l an t  -- t he  30 inch b a t t e r y  length 

which can be d i r e c t l y  immersed i n  t h e  f l u i d i z e d  c o a l  bed are a l s o  requi red  -- t he  
cos t s  of separate fue l - ce l l  p ro t ec t ion  tubes  and manifolding appear p r o h i b i t i v e  
f o r  a c e n t r a l  s t a t i o n  p l an t .  However, answers required f o r  t h e  development of an 
economical and r e l i a b l e  coal-burning fue l - ce l l  power system can b e  provided by the  
process development p l an t .  The p l a n t  can be  used t o  study: 

I 

I 

I curren t ly  l i m i t s  t h e  r e a c t o r  s i z e  and shape severe ly .  Batteries on support  tubes .: 

\ 

I 

, 

fue l - ce l l  b a t t e r y  performance and l i f e  a t  a c t u a l  opera t ing  
conditions;  

procedures f o r  opera t ing  l a r g e  numbers of f u e l - c e l l  b a t t e r i e s ;  
e .g . ,  methods t o  vary power loads ,  methods of cu r ren t  c o l l e c t i o n ,  
requirements f o r  abnormal opera t ing  condi t ions  such as ce l l  
f a i l u r e  o r  s h o r t  c i r c u i t s ,  e tc . ;  

to le rance  levels f o r  dus t  and hydrogen s u l f i d e  f o r  t h e  fue l - ce l l  
b a t t e r i e s  ; 

r eac t ion  rates of d i f f e r e n t  chars and coa ls  a t  var ious  opera t ing  
conditions ; 

hea t  t r a n s f e r  between the  fue l - ce l l  b a t t e r i e s  and t h e  f l u i d  bed; 

conditions of f l u i d i z a t i o n ;  

materials of cons t ruc t ion ;  

s t a r t -up ,  shut-down, and emergency procedures; 

maintenance and replacement problems; and 

s a f e t y  requirements. 

I n  order  t o  car ry  out t hese  s t u d i e s ,  t h r e e  phases of p l an t  opera t ion  
are proposed: 

1 )  opera t ion  of t h e  coa l  r e a c t o r  system using electric h e a t e r s  i n  
p lace  of f uel-cells. 

2) study of test fue l - ce l l  bundles t o  eva lua te  mechanical and 
e lectr ical  o p e r a b i l i t y  under opera t ing  condi t ions  and the t e s t i n g  
of t h e  f u e l  and air  p ip ing  systems, 

operation of the system as a whole t o  produce 100-kW. 3) 

The f i r s t  two s t e p s  are recommended i n  order  t o  check out  and cha rac t e r i ze  t h e  
system before i n s e r t i n g  the  va luable  f u e l - c e l l b a t t e r i e s .  
p ro jec ted  experimental program i s  presented  i n  t h e  Appendix. 

A summary of t h e  
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The 100-kilowatt process  development p l a n t  design incorporates  an 
e f f i c i e n t  combination of fue l - ce l l  b a t t e r i e s  and f lu id i zed  coa l  bed i n t o  a unique, 
f l e x i b l e  fue l - ce l l  r e a c t o r  unit .  
a c t i v e  ba t t e ry  length; however, the modular design permits  modules t o  be con- 
structed vhich would accept  h o r i z o n t a l  fuel-cell batteries up t o  3-1/2 feet long. 
The r eac to r  could a l s o  b e  modified t o  accept  b a t t e r i e s  i n  the  v e r t i c a l  pos i t ion  
g rea t e r  than 10 f e e t  Ion  . The r eac to r  volume is  based on conservat ive est imates  
of t he  gas i f i ca t ion  r a t ea3~4 .6 ) .  This vi11 permit a wide range of coa ls ,  cokes, 
o r  chars  t o  be s tudied.  The reac to r  can also b e  used t o  study simultaneous 
f lu id i zed  bed coa l  g a s i f i c a t i o n  and desu l fu r i za t ion  with limestone sorbents ,  
vhich may b e  attractive f o r  commercial appl ica t ion .  
reaches 0.5 vatts/cell, it w i l l  be poss ib l e  t o  produce more than 300 k i l o u a t t s  i n  
the  present  system. The f l e x i b i l i t y  of t h i s  r eac to r  design far outweighs any 
considerat ions f o r  going t o  a compact design a t  t h i s  s t a g e  of t he  development. 
The system does not  g ive  high o v e r a l l  system e f f i c i ency ,  s ince  i t  is not  p r a c t i c a l  
t o  e l imina te  all t h e  heat l o s s e s  on the  100-kilowatt development unit .  
t he  design does provide the information f o r  pro jec t ing  t h e  e f f i c i ency  of large- 
scale p lan t s .  

The reac to r  is designed t o  accept  20 inches of 

when fue l - ce l l  performance 

Eovever, 

The aux i l i a ry  equipment has  been designed using present  day technology. 
T h i s  w i l l  minimize s t a r t -up  and operat ing d i f f i c u l t i e s  and w i l l  a l l o w  t h e  
eva lua t ion  of problems a s s o c i a t e d  wi th  the  development of a commercial pouer 
system. 

Evaluation of Critical D e s i g n  Features  

The reac tor ,  vhich combines the  fue l - ce l l  b a t t e r i e s  and f lu id i zed  coal  
bed, is t he  critical unit i n  the p lan t .  
design,  Westinghouse conducted experimental  and t h e o r e t i c a l  s t u d i e s  and had IGT 
and Cameron Engineers m a k e  a thorough eva lua t ion  of t he  s t r u c t u r a l  design. 
of t hese  eva lua t ions  i n d i c a t e  t h e  r eac to r  design is s t r u c t u r a l l y  sound and operable. 

model of t h e  reactor(7s8). 
inch diameter tube wi th  i n t e r n a l  hea t  generat ion in a 3-9/16 inch diameter 
f lu id i zed  bed of char  maintained at 1600°F(9). 
combined with the  pro jec ted  fuel-cell performance t o  evaluate the  fue l - ce l l  
r eac to r  system(lO). The analysis i n d i c a t e s  the  maximum temperature gradien t  
between the  f lu id i zed  bed and t h e  fue l - ce l l  bundles v i l l b e  less than 150°F and 
the  maximum temperature g rad ien t  wi th in  t h e  bundles w i l l  be less than 100°F. 
models p red ic t  the  temperature  grad ien t  wi l l  be approximately 100°F and SOOF, 
respec t ive ly  with uniform h e a t  t r a n s f e r  from the  fue l - ce l l  bundle assemblies t o  
the  f lu id i zed  bed. 
1700°F o r  higher  where t h e  r e a c t i o n  k i n e t i c s  are favorable  without exceeding the  
upper temperature l i m i t  of the f u e l - c e l l b a t t e r i e s .  

In order  to v e r i f y  the  ope rab i l i t y  of t h e  

Results 

F lu id i za t ion  and h e a t  t r a n s f e r  experiments vere made 011 a Plexig las  
Temperature p r o f i l e s  w e r e  a l s o  recorded around a 1 

The r e s u l t s  of these  s tud ie s  w e r e  

The 

These results i n d i c a t e  the  f lu id i zed  bed w i l l  opera te  a t  

The ho r i zon ta l  p ipes  i n  t h e  r e a c t o r  are subjected t o  a reducing gas 
containing hydrogen s u l f i d e  near 1800°F. 
a b i l i t y  t o  evaluate  d i f f e r e n t  coals and chars ,  s e v e r a l  materials vere considered 
and t e s t ed  f o r  the  h o r i z o n t a l  pipes .  
t h a t  Incoloy 800 can be  used v i t h  de-sulfur ized chars  (< 0.7% s u l f u r  i n  coa l  o r  
char) .  
i n  coa ls  o r  chars n e a r  3% can be used based on a 10,000 hour r eac to r  life. 
has g rea t e r  s t r eng th  and a s m a l l e r  thermal expansion than  Incoloy 800 and can be 
s u b s t i t u t e d  i n  the  design without  any modif icat ions.  

I n  order  t o  assure  r eac to r  l i f e  and the  

The r e s u l t s  of corrosion tests ind ica t e  

Corrosion tests wi th  L-605, a cobal t  base a l loy ,  i nd ica t e  s u l f u r  contents 
L-605 
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Many aspec ts  of t h e  r eac to r  design cannot be completely eva lua ted  un t i l  
the u n i t  is b u i l t ;  s u c h  as gas d i s t r i b u t i o n ,  r e l i a b i l i t y  of welds and t h e  a i r  
piping design, f l u i d i z i n g  condi t ions ,  &tc. 
evaluated on bench s c a l e  apparatus o r  analyzed t o  check t h e  design. 

A l l  of these  a spec t s  have been 

CONCLUSIONS 

A 100-kilowatt coal-burning fue l - ce l l  process development p l a n t  has been 
The p l a n t  w i l l  tes t  fue l - ce l l  b a t t e r y  performance and l i f e  under a c t u a l  designed. 

operating condi t ions ;  w i l l  provide t echn ica l  information on g a s i f i c a t i o n ,  hea t  
t r a n s f e r ,  c o a l  handling, materials, and con t ro l ;  and w i l l  provide opera t ing  
experience. 
b a t t e r i e s  and the  f l u i d i z e d  c o a l  bed i n t o  a unique, f l e x i b l e ,  modular fue l - ce l l  
r eac to r  un i t .  
hor izonta l ly  i n t o  a rec tangular  f lu id i zed  bed of coal.  
t i c a l  eva lua t ions  of t he  fue l - ce l l  r eac to r  u n i t  i n d i c a t e  t h e  des ign  is s t r u c t u r a l l y  
sound and operable. 
development p l an t  is $2.0 mi l l ion .  

The design provides an e f f i c i e n t  combination of t h e  f u e l - c e l l  

This is achieved by i n s e r t i n g  fue l - ce l l  b a t t e r y  bundle  assemblies 
Experimental and theore- 

The estimated cos t  f o r  cons t ruc t ing  the 100-kilowatt process 

The d e t a i l  design of t h e  process development is complete. The dec is ion  
on whether t o  bu i ld  the  p l a n t  has  been defer red  whi le  a d d i t i o n a l  development is 
being ca r r i ed  out on the  b a t t e r i e s .  
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APPENDIX 

PROJECTED EXPERIMENTAL PROGN FOR 
100-KILOWATT PROCESS DEVELOPMENT PLANT 

I. OPERATION WITHOUT FUEL-CELL BATTERIES 

A. F lu id i za t ion  
1. Cold Studies 

F lu id ize  t h e  bed with an i n e r t  t o  eva lua te  m i n i m u m  f l u i d i z i n g  
ve loc i ty ,  AP, uniformity of f l u i d i z a t i o n ,  cyclone opera t ion ,  dus t  
sampling systems, e f f e c t  of p a r t i c l e  s i z e  d i s t r i b u t i o n ,  operation 
of gas d i s t r i b u t o r ,  coa l  feed system, ash removal system, com- 
pres so r s ,  l e v e l  con t ro l ,  and a u x i l i a r y  equipment. 

2. Hot S tudies  
F lu id ize  coa l  bed with inert  gas and supply hea t  with electrical 
hea ters .  
study. 

Evaluate operation of equipment as suggested during cold 

B. Start-up and Shut-Down Procedures 
1. 

2. 

Check s t a r t -up  procedure without fue l - ce l l s  p re sen t  - combustion of 
char ,  hea t ing  rates, opera t ion  techniques. 
Check emergency and shut-down procedures. 

C. Heat Transfer  
1. Study wi th  I n e r t  Gas 

Study e f f e c t  of temperature, flow rates, p a r t i c l e  s i z e  on hea t  
t r a n s f e r  from t h e  fue l - ce l l  pipes.  Determine t h e  e f f e c t s  of fue l -  
c e l l  p ipes  not producing hea t .  

In add i t ion  t o  t h e  parameters i nves t iga t ed  with t h e  i n e r t  gas,  
determine t h e  e f f e c t  of var ious  coals.  

2. Study wi th  Fuel G a s  

D. Reaction Rate 
1. Study t h e  e f f e c t  of temperature,  gas  flow rate ,  oxygen content of 

t h e  i n l e t  gas,  H/C r a t i o  i n  t h e  gas and s o l i d  feed  streams, char. 
residence t i m e ,  p a r t i c l e  s i z e ,  and char composition on rates of 
gas i f i ca t ion .  
Study segrega t ion  of a sh  i n  t h e  bed, and t h e  e f f e c t s  of var ious  ash 
conten ts  and compositions on bed performance. 

2. 

E. Su l fu r  Removal 
1. Study removal of s u l f u r  i n  t h e  f lu id i zed  bed. 

11. OPERATION WITH TEST FUEL-CELL BATTERY BUNDLES 

Note: The following eva lua t ions  w i l l  be  conducted on dummy fue l - ce l l  
bundles ( i . e . ,  a bundle of ceramic support  tubes) be fo re  opera t ing  
with production fue l - ce l l  bundles. 

1. Check manifolding, ins t rumenta t ion ,  and con t ro l  of t h e  gas flow 
t o  the  b a t t e r i e s .  

2. Determine,the e f f e c t  of v ib ra t ions  on t h e  b a t t e r i e s ,  i n l e t  gas 
temperatures and flow rates on ce l l  performance, p re s su re  drop 
across  t h e  b a t t e r i e s ,  var ious  f u e l  gas compositions from t h e  r eac to r  
on cell  performance. 
"Short" l i f e  tests of b a t t e r y  bundles. 3. 

111. 100-KILOWATT OPERATION 
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FIGURE 1 - COAL BURNING SOLID-ELECTROLYTE 

' WEI, CELL POWER SYSTEM 



- m -  

‘ d  

Y 

v) 
v) 
W 
U 
0 
d 
pc 



- Y 2  - 

*. n2.m 

Fuel 
Gas 

t 

c 
Ash 

Discharge 

FIGURE 3 - 100-KILOWATT COAL-BURNING FUEL-CELL REACTOR 
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FIGURE 6 - END VIEW OF FUEL CELL TUBE BUNDLE ASSEMBLY 
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